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Introduction 
Aircraft in-flight icing is problematic due to the ad-
verse effect on vehicle performance. It occurs when 
supercooled water droplets (SCWD) present in clouds, 
under the appropriate environmental conditions, col-
lide with the aircraft surface resulting in accretion of 
ice (i.e., impact icing). Impact ice can range from 
clear/glaze to rime or a combination of the two (i.e., 
mixed) with the type determined by the air tempera-
ture (0 to -20°C), liquid water content (LWC, 0.3-0.6 
g/m3), and droplet size [median volumetric diameter 
(MVD) of 15-40 m] present during accretion.1 These 
impact icing events generally occur at temperatures 
ranging from 0 to -20°C. Below -20°C, ice crystals 
dominate the environment and typically do not adhere 
to the aircraft surface.1 A main difference between an 
impact icing occurrence and a slow growth icing (i.e., 
freezer ice) one is the speed of the icing event. 
Besides environmental conditions, ice adhesion 
strength (IAS) to a metallic substrate depends upon 
surface roughness. It is known that increasing surface 
roughness and decreasing temperature lead to in-
creases in IAS.2  
In a prior study conducted in the NASA Langley la-
boratory-scale ice adhesion testing device (AERTS Jr, 
Fig. 1) that simulated in-flight icing conditions,  
 
 
Figure 1: AERTS Jr 
 
uncoated aluminum (Al) 6061 T6 airfoils were evalu-
ated.3 The results followed the expected IAS trend 
with respect to temperature. However, the stability of 
the Al surface with regards to ice testing has been the 
subject of discussion amongst test engineers. To over-
come the Al stability issue, stainless steel (SS) has 
been identified as an acceptable surface. For the work 
reported herein, SS 304 disk surfaces were roughened 
by polishing or sandblasting methods and the IAS de-
termined from -16 to -8°C. The results of this study are 
discussed herein. 
 
Experimental 
SS 304 rods purchased from McMaster Carr were 
fabricated into flat disks (diameter x height, 1.92 cm x 
1.11 cm) as shown in Fig. 2. The disks were polished  
   
 
Figure 2: SS 304 disks 
 
using a Buehler Ecomet 4 with lapping paper of grits 
ranging from 320 to 1200 grit followed by a 50 nm 
slurry applied to a polishing pad.  Each disk was hand-
held and polished at each grit level for a minimum of 
120 s. Surface roughness was determined using a 
Bruker Dektak XT Stylus Profilometer. Measurements 
were conducted using a 12.5 m tip at a vertical range 
of 65.5 m with an applied force of 3 mg. Data were 
collected over a 1.0 mm length at a resolution of 0.056 
m/point.  Five single line scans at different locations 
were collected and processed using a two-point level-
ing subtraction. The resultant arithmetic roughness 
(Ra) values were calculated.  
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The IAS of the polished uncoated SS disks was de-
termined at -16, -12, and -8°C within the FAR Part 
25/29 Appendix C icing envelope.4 The instrument 
was controlled by a LabVIEW program that monitored 
sensors for the tachometer and accelerometer. Tem-
perature within the test section was monitored by an 
Extech Instruments SD200 3-channel temperature dat-
alogger. Prior to attachment to opposing sides of the 
centrifuge rotor, the mass of the live (sample to be 
tested) and dead (highly roughened reference surface 
to record the mass of ice accreted) disks were deter-
mined. The rotor/disk assembly was then secured to a 
hub within the refrigerated centrifuge and spun for a 
minimum of 20 min at the desired test temperature to 
attain thermal equilibrium prior to testing. The rotor 
rpm was subsequently increased to approximately 
5500 rpm (93 m/s) with water being introduced into 
the cold chamber through a pneumatically driven 
NASA MOD 2 nozzle generating a water droplet 
MVD of 20 m. The LWC of the icing cloud ranged 
from 0.25 to 0.35 g/m3. As the rotor turned at speed, 
ice accreted on both disks till it was shed from the live 
disk. This event was recorded in the LabVIEW pro-
gram when the released ice impacted the ballistic wall. 
At this time, the water was turned off and the rpm of 
the rotor/blade assembly brought to zero. The door to 
the test chamber was opened and a shield placed in 
front of the water nozzle to deflect the airflow. The as-
sembly was then removed from the hub and placed on 
a wire rack within the upper portion of the test cham-
ber. Digital images of the live and dead disks were 
then acquired with a Canon Power Shot ELPH180. 
The live and dead disks were then removed from the 
rotor/disk assembly to obtain the respective final 
masses. The IAS of the live disk was determined from 
the difference in mass (before and after testing) of the 
live and dead disks, the ice shed area (2.858 cm2 for 
the disk surface), and the rpm of the shed event. The 
same live disk sample was tested a minimum of three 
times at all the respective test temperatures. 
 
Results and Discussion 
This study was conducted using a disk geometry as 
opposed to an airfoil. A flat surface was desirable as it 
provided a known surface area compared to an airfoil 
where several measurements needed to be performed 
in order to ascertain the shed area.2,3 In addition, the 
flat surface would be easier to coat with an organic 
resin. So as to establish a baseline for comparing or-
ganic resin performance to a metallic surface, un-
coated SS samples were evaluated. The SS disks were 
polished to various finishes with average Ra values 
ranging from 12 to 307 nm (Table 1) to determine 
Table 1: IAS of polished SS 304 Disks 
 
 
the effect of surface roughness upon IAS.  
The IAS was determined under a simulated impact icing 
environment in AERTS Jr with the data reported in Table 1. 
A single factor ANOVA test of the IAS data was per-
formed at each temperature 1) between the various 
samples and 2) within that for individual samples. Test 
results determined the data to be statistically different 
(F > Fcritical and p < 0.05) for each of the cases. For each 
Ra investigated, the results followed the expected trend 
of decreasing IAS with increasing temperature.2 Cor-
relation coefficients of linear regression lines for plots 
of IAS vs. temperature (not shown) for each Ra ranged 
from 0.98 to 1.0.  
 
 
Figure 3: IAS vs. average Ra at Test Temperature 
 
 Plots of IAS vs. Ra generated from the data at each 
test temperature (Fig. 3) followed the expected trend  
where IAS increased as surface roughness increased.2 
The correlation coefficients were 0.8265, 0.9458, and 
0.8815 for the -16, -12, and -8°C data, respectively. 
 In the work reported by Soltis et al., the researchers 
calculated a temperature adjusted adhesion strength 
(TAAS) to compare various metallic surfaces of dif-
ferent Ra.2 Using this method, the data in Table 1 was 
reduced to a TAAS for each Ra. A plot of the TAAS 
vs. Ra shown in Fig. 4 afforded a linear relationship 
with a correlation coefficient of 0.9884. 
avg stdev avg stdev avg stdev avg stdev
12 2 318.34 31.61 186.14 35.04 57.45 6.27
36 6 343.94 31.86 167.34 41.88 63.41 18.29
116 23 327.64 35.09 218.00 15.97 98.43 8.64
229 19 371.41 22.50 246.49 53.50 121.66 45.52
307 40 423.93 36.91 280.97 15.98 117.96 23.32
Temperature, °C -16 -12 -8
Ra, nm IAS, kPa IAS, kPa IAS, kPa
  
 
Figure 4: TAAS vs. average Ra 
 
Using the linear regression equation for the SS 304 
disks (Fig. 4), a value of 28.4 kPa/°C for a Ra of 610 
nm (60 in) was calculated. This value was approxi-
mately 70% greater than that obtained for a SS 430 
airfoil determined by Soltis et al. for the same Ra.2 The 
difference in TAAS can be attributed to 1) the sample 
geometry tested (disk vs. airfoil geometry), 2) facili-
ties (AERTS vs. AERTS Jr), 3) environmental condi-
tions, and 4) the method used to determine Ra (stylus 
vs. optical profilometries). In addition, it should be  
noted that the chemical composition of the two alloys 
are similar with the exception that SS 304 contains 8 
to 10.5% nickel to enhance corrosion properties.5 
To evaluate the effect of roughening methods upon 
IAS, two SS 304 disks were sandblasted using a Mi-
cro-Jet 200 with 180 grit alumina blast media at a noz-
zle pressure of 689 kPa at a separation distance of ap-
proximately 2.5 cm. The Ra for these samples were 
1063 ± 127 and 1250 ± 122 nm. The IAS for the for-
mer was 80 to 90% that of the calculated value at -12 
and -8°C as determined from the linear regression 
equations of Fig. 3. The higher Ra of the latter surface 
had values that were ~70% that of the calculated val-
ues. The IAS for these two surfaces at -16°C exhibited 
mixed failures. Topographical evaluation of the differ-
ence between the two surface types is currently under-
way. 
A SS 304 airfoil was fabricated to evaluate the ef-
fect of sample geometry. The surface was polished in 
the same manner as the disks to afford an Ra of 108 ± 
13 nm. The calculated IAS for this Ra at -16, -12, and 
-8°C using the linear regression equations generated 
from the plots in Fig. 3 were 347, 209, and 85 kPa, 
respectively. The experimental data though was signif-
icantly greater (577, 486, and 363 kPa, respectively) 
suggesting that substrate geometry may play a role. An 
analysis of the disk geometry conducted in Abaqus 
CAE finite element analysis determined that the fail-
ure mode on the disk surface was a combination of 
shear and tensile forces compared to that of the airfoil 
(shear). 
 
Conclusions 
The IAS of roughened SS 304 disks followed the 
expected trends with respect to temperature and Ra. 
The method of surface roughening and the substrate 
geometry were found to influence IAS. Minimization 
of geometrical effects by calculating an adhesion re-
duction factor3 for coatings evaluated under the same 
conditions is the subject of ongoing work. 
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